A phonocardiographic method is described for measuring the time taken by the ball of a StarrEdwards prosthesis to move to the apex of the cage at the onset ofleft ventricular ejection, andfrom this its acceleration can be derived. The acceleration is conspicuously increased in post-ectopic beats and in exercise, but is unaffected by posture and tachycardia induced by atropine or ventricular pacing. It is suggested that the acceleration of the ball is related to the initial acceleration of blood into the ascending aorta.
In the experimental animal, peak acceleration of blood into the ascending aorta has proved to be a sensitive measure of left ventricular function (Rushmer, I964; Noble, Trenchard, and Guz, I966a, b, c) , reflecting the initial impulse generated by the development of tension in the myocardium (Franklin, Van Citters, and Rushmer, I962) . It was thought that the initial movement of the ball of a StarrEdwards prosthesis in the aortic position would also show such a relation. A phonocardiographic method assessing ball movement was therefore devised and its use as a test of left ventricular funLction explored.
Methods and subjects
Theory The early systolic sound from an aortic prosthesis (A1) is delayed relative to the onset of left ventricular ejection by the time interval necessary for the ball to travel from one end of the cage to the other (Fig. Ia) . Since the closure sound from the prosthesis (A2) occurs at the end of left ventricular ejection, the difference between the A,A2 interval and the ejection time represents the ball travel time. This is not affected by the transmission time of the aortic pressure measuring system, since the incisuras at the beginning and end of ejection are delayed by equal amounts.
The acceleration undergone by the ball can be calculated if the dimensions of the prosthesis are known, since s = ut + Jat2 where s = the distance travelled by the ball, u =the initial velocity of the ball (zero), t = the ball travel time, and a = the acceleration undergone by the ball. The maximum velocity is given by v =at, assuming that peak velocity is reached just before the ball strikes the apex of the cage.
Studies were made of 42 patients who had had Starr-Edwards prostheses inserted in the aortic position at the National Heart Hospital I tO 36 months previously. Of these, 5 had, in addition, mitral valve prostheses. Maintenance digitalis, diuretics, and anticoagulant therapy were continued during the period of study.
Haemodynamic studies were performed on 6 patients, 4 in sinus rhythm and 2 in atrial fibrillation, who had been referred for investigation on account of an early diastolic murmur associated with evidence of reduced red cell survival. Aortography revealed trivial aortic regurgitation in all except one patient (Case 6) in whom it was sufficiently severe to require replacement of the prosthesis. A No. 8 Teflon catheter was inserted by the Seldinger technique and advanced to the aortic root. A No. 8 twin-lumen catheter was introduced through an arm vein, and advanced to the wedge pulmonary artery position. Phonocardiograms were recorded from the lower left sternal edge with a Sanborn microphone, and pressures were measured with Statham P23Gb strain gauge transducers, with a simultaneous electrocardiogram. Pressure traces, electrocardiogram, and phonocardiogram were recorded photographically at a paper speed of I00 mm./sec. Cardiac output was measured by the dye dilution technique, 5 mg. indocyanine green being injected into the main pulmonary artery and blood withdrawn from the aortic root by a Kipp and Zonen constant rate pump through a Gilford cuvette. Cardiac outputs, pressures, and phonocardiograms were recorded at rest and after 2 minutes of exercise at ioo-2oo kpm./min.
In the other 36 patients, all in sinus rhythm, electrocardiograms and phonocardiograms were recorded, using a Cambridge photographic recorder, at a paper speed of Ioo mm./sec. Seven patients were exercised erect on a bicycle ergometer, and records were made at increasing work loads. No attempt was made to reach the exercise tolerance of the patients. Seventeen patients were exercised supine, with 2 minutes straight leg raising; a recording was made during exercise and in the recovery period until the heart rate had returned to the resting level. Atropine, 06 mg., was administered to 6 patients after control recordings and recordings during supine exercise had been made. The heart rate was allowed to return to the previous level before the injection of atropine was given, and it was preceded by a control injection of an equal volume of saline. Effect of exercise Erect exercise caused a progressive reduction in the QA1 interval as the heart rate increased. A typical response is shown in Fig. 3a , and similar results were obtained in a further 6 patients studied during erect exercise and in I7 patients in supine exercise (Fig. 3b) . During the recovery period, there was progressive lengthening of the QA, group.bmj.com on October 22, 2017 -Published by http://heart.bmj.com/ Downloaded from Phonocardiographic method of assessing changes in left ventricular function 145 interval as the heart rate slowed. In i patient there was no change in either heart rate or QA1 interval with exercise.
Effect of atropine The control injection of i ml. saline had no effect, but after atropine there was an increase in heart rate, with either no change or a slight increase in QA, interval.
Typical results are shown in Fig. 4a and 4b .
The relation between heart rate and QA, thus differed from that during exercise.
Effect ofposture In IO patients, movement from supine to erect position was not associated with significant change in the QA1 interval. However, there was a significant reduction in the A,A2 interval (p <oooi) which, in the absence of any change in the QA1 interval, suggests that the ejection time was reduced (Fig. 5) The method used to calculate the acceleration undergone by the ball assumes that this remains constant during the period of ball travel. If acceleration varies during this period, at some time it must be greater than the calculated value which therefore represents the minimum acceleration compatible A decrease in ball travel time may be due to an increase in the force of ventricular contraction, or to a decrease in aortic impedance, which was measured as the difference between end-diastolic aortic pressure and end-diastolic wedge pressure, representing the gradient across the prosthesis at the onset of left ventricular contraction. This varies, not only with changes in aortic flow, as in exercise, but also with sudden changes in RR interval: an increase in the length of diastole results in a lower end-diastolic aortic pressure, and a similar or slightly higher wedge (PC) pressure immediately before the succeeding beat (Fig.  8b) . Such changes in aortic impedance associated with ectopic beats are quite distinct from changes in left ventricular function resulting from interval effects which may depend on the relative rates of decay of positive and negative inotropic energy of activation (Koch-Weser and Blinks, I963). Nevertheless, they have similar effects on ball acceleration, and an inotropic effect cannot be substantiated unless changes in end-diastolic gradient across the prosthesis have been excluded as a cause.
Exercise-induced tachycardia was accompanied by an increase in the end-diastolic gradient across the prosthesis and by a reduction in ball travel time probably resulting from the action of a positive inotropic stimulus on the left ventricle. This was not the effect of tachycardia alone, since there was no change in QA1 when the heart rate increased after atropine administration, or with ventricular pacing; in addition, when the heart rate was held constant by pacing the positive inotropic effect could still be shown for 2-3 minutes after a period of exercise. Such a relation between heart rate and ball travel time is likely to be due to positive inotropic and chronotropic effects ofincreased sympathetic activity, whereas an increase in heart rate in the absence of any change in ball travel time must be ascribed to some other cause. Thus, in our patients, changes in heart rate at all exercise levels were mediated by changes in sympathetic tone. This conclusion differs from that of Robinson et al. (I966) , who found that the initial increase in heart rate during supine exercise in fit young men was due to parasympathetic inhibition. This difference probably reflects the increased dependence of myocardial function on sympathetic activity in patients with a chronically diseased left ventricle.
Alterations in ventricular filling had little effect on QA1, even when associated with changes in heart rate. Movement from supine to erect position, known to be associated with a reduction in stroke volume (Chapman, Fisher, and Sproule, I96o) , caused no significant change in QA1 in I0 patients: though stroke volume was not measured directly, the concomitant reduction in A1A2 suggests that it was in fact reduced.
Changes in ventricular filling cannot therefore be invoked to explain the increase in ball travel time associated with ectopic beats. This might have been due to the shorter RR interval immediately preceding, either as a direct rate effect, or associated with the increased end-diastolic gradient across the prosthesis. In addition, abnormal activation might lead to asynchronous ventricular contraction. Similarly, post-ectopic accentuation might also be related either to a rate effect, or to an abnormally low end-diastolic gradient across the prosthesis (Fig. 8b) . The alternation of QA1 and of ball travel time for several beats after an ectopic beat suggests a relation with pulsus alternans (Fig. 8a) .
It is likely that ball acceleration in our patients was related to the initial acceleration of blood into the ascending aorta. A negative pressure gradient can be shown across the normal aortic valve for the greater part of left ventricular ejection showing that movement of blood into the aorta is governed, not by pressure-flow relation, but by the determinants of mass acceleration (Spencer and Greiss, I962; Noble, I968). In our patients, forces generated by the left ventricle caused movement, not only of blood but also of the ball of the prosthesis, and it is therefore to be expected that the two would be closely related. The low mass (2-3 g) and relatively large surface area of the ball make it unlikely that an appreciable velocity gradient develops between it and the surrounding blood until it reaches the apex of the cage. Factors controlling the peak acceleration of blood into the ascending aorta of the dog have been studied by a number of workers (Rushmer et al., I963; Rushmer, I964; Noble et al., I966a, b, c) . The resting value is somewhat higher than the ball acceleration measured in the present series of patients (4 7 (Wilcken et al., I964) . The over-all similarity to the present results supports a close relation between the initial acceleration of the ball and the peak acceleration of blood into the ascending aorta. This latter has proved to be a very sensitive measure of certain inotropic stimuli in experimental animals, and the present method provides a simple way of assessing a related variable in man.
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